Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing this collection of information. An image segmentation algorithm, referred to as Region Growing (RG), extracts targets and interference features in the angle-Doppler domain, and an innovative block-size detection algorithm discriminates between moving targets and interference based on the extracted image features. The second uses a novel waveform scheme to concurrently extract target range and Doppler information. A pair of orthogonal waveforms with different pulse repetition frequencies (PRF) are bundled and transmitted as a single hybrid radar waveform for target measurement. At the receiver, two orthogonal signal processing channels consisting of a low PRF and high PRF channel, perform the extraction of target range and Doppler information, respectively. The CLEAN algorithm is innovatively used to suppress the interference form the cross-correlation residues and the auto-correlation sidelobe in the LPRF channel.
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Introduction
Space Time Adaptive Processing (STAP) has been widely used in advanced airborne and space-based radar systems to detect ground moving targets embedded in heavy clutter and jamming environments [1] [2] [3] [4] [5] . Joint space-time processing is necessary for ground clutter rejection because the ground clutter couples between the spatial domain and the time domain due to platform motion. However, successful implementation of STAP requires accurate real-time estimation of the clutter covariance matrix. The "training" data used for clutter estimation is normally obtained by sampling secondary cells that are spatially adjacent to the primary detection cell, with the assumption that the clutter in the primary and secondary cells is statistically Independent and Identically Distributed (IID) [1] [2] [3] . Moreover, the accuracy of the clutter estimate depends upon the number of available IID secondary data [1] . Since ground clutter is non-homogeneous, finding sufficient IID secondary data for detection processing poses the most serious challenge to successfully implementing STAP algorithms. Even though rank-reduction approaches such as partially adaptive STAP or subspace-based STAP can lessen the requirements on secondary data [3, 4] , target detection using STAP is still contingent upon the availability of sufficient IID secondary data. In some extreme situations, no IID secondary data may be available, which severely limits the effectiveness of traditional STAP methods. This paper develops a novel space-time processing algorithm, termed Image Feature Based Space-Time Processing (IFSTP), for effective ground moving target detection in non-homogeneous clutter environment without using any secondary data.
Image Feature-Based Space-Time Processing (IFSTP)
Consider an airborne sensor system that collects echo data in the space-time domain The first step of IFSTP is to transform radar data collected in the space-time domain to an image in the angle-Doppler domain through a two-dimensional Fourier transformation. Subsequently, a clamping processing is applied to all pixels of the transformed images to remove white noise. The value of a pixel is set to zero if its magnitude is smaller than a pre-defined threshold; otherwise, the pixel remains unchanged and is labeled as a non-zero pixel. The threshold level T used in the clamping processing is derived from the standard deviation of the transformed white noise,
where C is a constant that normally is chosen to be between 2 and 3, and n σ is the standard deviation of the white noise, which is mainly generated in the radar receiver [6] .
Following the clamping processing, the remaining non-zero pixels are either target signals or interference (clutter or jamming). Feature extraction from the clamped image is carried out by clustering non-zero pixels into pixel blocks consisting of consecutively connected non-zero pixels through an image segmentation algorithm called region growing [7, 8] . The growing of a pixel block is implemented by comparing the ranges between the pixel block and nearby pixels with a pre-defined growing distance D.
The range R between a pixel q and a pixel block consisting of L pixels
defined as the minimum distance between pixel q and any pixel in the block:
The region growing procedure we developed for IFSTP is detailed as follows:
Step 1: Choose any non-zero pixel 
Step 2: Grow B i by merging all non-zero pixels
are not larger than the pre-defined growing distance D, i.e.
Step 3: Repeat Step 2 for the updated B i until no more non-zero pixels are available for merging into B i .
Step 4:
and repeating Steps 1-3 until all non-zero pixels are merged into blocks.
Step 5: The final result consists of a group of non-zero pixel blocks 0 1 2 , , , .
B B B L
With segmentation processing, the image becomes a collection of pixel blocks that are either target or interference. Target detection for a pixel block is based on pixel concentration level, which may be measured by a metric called block size. The block size S K of a pixel block B K is defined as the maximum distance of any two pixels inside the block, i.e.
where H is the number of pixels in the block B K .
Based on the block size definition in (4), the following detection criterion is employed to determine whether a block B K with size S K in the angle-Doppler domain is a target signal or interference:
where the detection threshold β is determined from the image resolution, the number of pulses during a CPI, and the number of antenna array elements. Because an ideal point target signal could occupy up to four resolution cells, the minimum value of β is chosen to be 2r, where r is the image resolution. With further consideration of such blockexpanding factors as windowing, limited numbers of coherent pulses, and antenna array elements, the detection threshold β is selected as:
The detection process in (5) is repeated for all pixel blocks in the transformed image.
IFSTP Processing Results
We applied the proposed IFSTP algorithm to radar signals generated from a simulated airborne radar system. The radar frequency is 450MHz, the platform height is 9000m and the range is 130km. A linear side-looking antenna array with 32 elements and λ/2 element spacing is employed. There are 32 coherent pulses in a CPI, and the values of SNR, CNR and JNR per pulse are 0dB, 40dB and 60dB, respectively. The amplitude of the received target signals during a CPI is assumed to be constant. However, they can easily be eliminated as non-targets because they are located at the edges of the image. A more elegant solution is to allow the region growing algorithm to form pixel blocks by warping over the edges of the image, which includes the false target pixels in the interference blocks.
For extraction of target and interference features, the minimum-distance based region growing algorithm, developed in Section II, is applied to the image in Fig. 3 . The minimum distance D in (2) is chosen to be two times larger than the image resolution. Such a choice is essential because the amplitude of interference is Rayleighdistributed and there are some null-points in the sidelobe of the antenna array pattern.
The non-zero pixel blocks generated using the region growing are displayed in Fig. 4 . Finally, the block-size based target detection scheme in (5) is carried out for all the blocks in Fig. 4 . The threshold block size β used for target detection is selected as six. The detection results are listed in Table 1 . Although there are three blocks that meet the target size criterion, two of them are at the image edges and not considered. As shown in Table 1 , block c is the only target block detected. If the actual target is located at the image edge or overlaps with interference signals, a slightly different radar PRF has to be used to shift the moving target signal away from the interference. With a block-size threshold of 6, the block-size based detection result is listed in Table 2 . Block c is correctly detected as the target. 
Introduction
The choice of the radar pulse repetition frequency (PRF) significantly affects the radar performance, relative to the extraction of target information [1] [2] [3] . Traditionally, radar systems transmit and process waveforms with fixed PRFs, which may be high, medium or low, during a coherent processing interval (CPI). If a low PRF (LPRF)
waveform is used, the target range information is instantly acquired though time delay measurement; while the Doppler frequency, which is readily converted to the radial target velocity due to the target radial motion, is normally ambiguous and not directly measurable. Conversely, if a high PRF (HPRF) waveform is used, the target Doppler shift may be obtained directly through a Fourier transform of the echoes, but the target range becomes ambiguous and has to be indirectly calculated by transmitting multiple staggered PRF waveforms [4, 5] . Thus, for current radar systems, if a waveform with a particular PRF is used for direct measurement of either target range or Doppler shift, the measurement of the other target information is unavoidably indirect, and is thus less accurate and more time-consuming [6, 7] . In other words, existing radar systems do not have the capability to measure target range and velocity simultaneously and accurately.
However, for some applications such as tracking high-speed maneuvering targets, it is highly desirable to acquire both target range and velocity simultaneously and instantly [8] [9] [10] . In this work, we will demonstrate the technical feasibility of implementing such a radar system by transmitting and processing hybrid radar waveforms consisting of orthogonal coding signals, using both HPRF and LPRF signals.
Design and processing of hybrid coding waveform
Orthogonal coding waveforms
The hybrid coding waveform consists of two different coded sub-waveforms ( ) they should satisfy [11, 12] :
For the transmission and processing of the hybrid waveform to be compatible with current radar system, the two orthogonal coding waveforms are interleaved, bundled and transmitted as a single radar signal, as shown in Figure 8 . The sub-waveform ( ) 
and
where τ is the subpulse width of the coding waveforms and ( ) R t is a rectangular pulse defined as:
Both waveforms ( ) 
N t A t s t s t t dt t
( ) ( ) ( )
C t s t s t t dt
The orthogonal waveform containing sub-waveforms ( ) 
H t s t s t T lT
where L is the number of coherent pulses during a CPI for the waveform ( ) 
Processing of Orthogonal Waveforms for Concurrent Target Range and Doppler Extraction
If a received radar signal contains the echoes from K targets during a CPI at an antenna beam dwelling, the amplitudes, initial phases, time delays and Doppler shifts area assumed to be , ,
respectively. The received signal prior to the processing is: ( )
The ranges of the radar targets are calculated from the delays of the pulses in (12) from the moment when the waveform is transmitted.
Similarly, a correlator matched to ( ) 2 s t is employed in the high PRF channel to extract target Doppler information from the received signal in (16) . The correlation result is:
Because the magnitude of the cross-correlation function C is small and the autocorrelation function A 2 closely approximates the Dirac function, the above equation may be further simplified as:
where ( ) 
where δ is the Dirac function in the frequency domain. Noticeably, the processing result for Doppler information in (17) is much stronger than that for the range information shown in (14) due to the two-time coherent integrations, i.e., correlation and Fourier transform.
For the two-channel processing results of multiple target signals in (18) and (21) 
where C is the speed of light and ⎣ ⎦ x denotes the largest integer not greater than x.
Apparently from (18) and (21), the ranges and the Doppler frequencies of multiple targets are directly and simultaneously measurable by transmitting and processing the orthogonal waveform scheme proposed in this paper. The signal processing scheme for the concurrent range and Doppler measurement is shown in Fig. 9. 
Interference reduction processing using the CLEAN algorithm
The results in (17) and (19) s t is assumed to be zero and ignored. Because the actual cross-correlation function is not zero, in the multi-target detection case, the cross-correlation residues from strong targets could be comparable to the responses of weak targets, resulting in detection degradation of the weak targets. For the same reason, the sidelobe of a strong target response could interfere with the detection of a weak target. Therefore, the CLEAN algorithm is used to reduce the cross-correlation resides between the HPRF and LPRF waveforms as well as the sidelobes of strong target responses. However, for the HPRF channel processing, the target signal is coherently integrated twice; as a result, even the response of a weak target is normally much stronger than the sidelobe or crosscorrelation residues from a strong target. Therefore, interference reduction is only considered for the range information extraction processing (i.e., Low PRF channel).
The CLEAN algorithm has been widely used to remove interference from the autocorrelation sidelobe, using matched processing in the case of weak target detection or clear image formulation [13] [14] [15] [16] [17] . In this work, the CLEAN algorithm is adapted to remove both the autocorrelation sidelobe and the cross-correlation residues in the low- 
, where the data sequence is derived from the autocorrelation function of the low-PRF coding signal: The uniqueness of the CLEAN algorithm as applied in this work is to subtract the interference from multiple cross-correlation functions rather than the sidelobes of the autocorrelation functions. In addition, to correctly implement the CLEAN algorithm, one needs to estimate and use the target Doppler frequency and the initial phase of the target's echo. Like any other CLEAN algorithm, the processing result is slightly tainted by the inaccuracy of the magnitudes of strong target signals that are affected by additive white noise and the overlapping sidelobe of other nearby targets [17] . Since the magnitude of the strong target signals is normally much larger than that of white noise or other target sidelobe, the target magnitude distortion is marginal. In this application, the CLEAN result is also inconsequentially affected by the accuracy of the target Doppler frequency estimation in the high-PRF channel.
Processing Results
The proposed radar signal processing is applied to the radar data simulated from a scenario with multiple moving targets. The orthogonal waveform is designed using polyphase coding sequences by simulated annealing (SA) [10] . (21), the mainlobe of the target signal is much stronger than the sidelobe of the target response and the cross-correlation residues. As a result, the interference is almost indiscernible for the HPRF channel processing result. 
Processing result with the CLEAN algorithm applied
In the multiple target scenarios, as discussed in Section II, the detection of the weak target signals in the low-PRF channel could be interfered by the sidelobe of the stronger target responses and the cross-correlation residues between the low-PRF channel correlation filter and the high-PRF coding signals reflected by stronger targets. 
Conclusions
Theoretical analysis and simulation results have demonstrated that the ranges and velocities of high-speed targets can be concurrently measured by transmitting and processing a specially designed orthogonal waveform scheme. Results show that the proposed signal processing system performs the desired function of concurrent measurement exactly as expected. The application of the CLEAN algorithm is necessary to suppress interference in the LPRF channel for reliable detection of weak targets.
The proposed orthogonal waveform processing scheme is compatible with traditional radar signal processing techniques for clutter rejection such as Moving Target Indication in LPRF channel [2] or Pulse Doppler processing in HPRF channel [7] . They may be directly cascaded to or combined into the proposed signal processing scheme without degrading performance. Therefore, the existence of clutter in the received radar signal does not impair the generality of the proposed algorithm.
The new technique may be applied for effective detection and tracking of highspeed maneuvering targets such as high-speed aircraft and ballistic missiles because of the availability of target range and radial velocity once a target is detected. Similarly, more concurrent radar functions such as target imaging or high-resolution range profiling may be further integrated by including additional orthogonal waveform such as a wideband waveform as part of the transmitting signal and the corresponding processing channel at the receiver. The newly added waveform must be orthogonal to both existing coding waveforms.
For the HPRF channel in the proposed signal processing scheme, due to the twotime integrations, the SNR of the output signal in this channel is much higher than that in
